The phosphatidylinositol 3-kinase (PI3K) pathway regulates various cellular processes, including cellular proliferation and intracellular trafficking, and may affect prostate carcinogenesis. Thus, we explored the association between single-nucleotide polymorphisms (SNP) in PI3K genes and prostate cancer. Pooled data from the National Cancer Institute Breast and Prostate Cancer Cohort Consortium were examined for associations between 89 SNPs in PI3K genes (PIK3C2B, PIK3AP1, PIK3C2A, PIK3CD, and PIK3R3) and prostate cancer risk in 8,309 cases and 9,286 controls. Odds ratios (OR) and 95% confidence intervals (95% CI) were estimated using logistic regression. SNP rs7556371 in PIK3C2B was significantly associated with prostate cancer risk [OR per allele , 1.08 (95% CI, 1.03-1.14); P trend = 0.0017] after adjustment for multiple testing (P adj = 0.024). Simultaneous adjustment of rs7556371 for nearby SNPs strengthened the association [OR per allele , 1.21 (95% CI, 1.09-1.34); P trend = 0.0003]. The adjusted association was stronger for men who were diagnosed before the age of 65 years [OR per allele , 1.47 (95% CI, 1.20-1.79); P trend = 0.0001] or had a family history [OR per allele = 1.57 (95% CI, 1.11-2.23); P trend = 0.0114], and was strongest in those with both characteristics [OR per allele = 2.31 (95% CI, 1.07-5.07), P-interaction = 0.005]. Increased risks were observed among men in the top tertile of circulating insulin-like growth factor-I (IGF-I) levels [OR per allele = 1.46 (95% CI, 1.04-2.06); P trend = 0.075]. No differences were observed with disease aggressiveness (Gleason grade ≥8 or stage T 3 /T 4 or fatal). In conclusion, we observed a significant association between PIK3C2B and prostate cancer risk, especially for familial, early-onset disease, which may be attributable to IGF-dependent PI3K signaling. Cancer Res; 70(6); 2389-96. ©2010 AACR.
Introduction
The phosphatidylinositol 3-kinase (PI3K) pathway regulates various cellular processes such as cell growth, proliferation, apoptosis, motility, differentiation, survival, and intracellular trafficking (1) . PI3Ks are heterodimeric lipid kinases that are composed of regulatory and catalytic subunits that catalyze the production of several phosphoinositides critical for the signal transduction in these multiple cellular processes (2) . In addition, numerous growth factors signal through the PI3K pathway (3, 4) , including insulin-like growth factors (IGF), which have also been linked with prostate carcinogenesis (5) (6) (7) (8) . Mutation, amplification, and rearrangement in the PI3K pathway and its downstream targets have been observed in several cancer sites, including prostate cancer (9) (10) (11) . Because of the role of PI3Ks in cell proliferation, much of the research on this pathway concerns its potential as a target for anticancer therapies.
Despite the well-known role of this pathway in cancer progression, genetic variants in PI3K genes have not been well studied. One study found an association between a PIK3CA SNP (rs2865084) and endometrioid ovarian cancer but not overall ovarian cancer risk (12) . Two studies have evaluated the functional variant Met326Ile (rs3730089) in PIK3R1 and risk of colon (13) and prostate (14) cancers and found no association with either cancer site. Although some studies have looked at polymorphisms in genes of downstream targets of PI3K and prostate cancer risk (15) (16) (17) , there is minimal information about the effect of variants in the PI3K gene family on prostate cancer risk.
Given the limited evaluation of PI3K gene variants, we sought to further explore the association between germline polymorphisms, which may alter the function of these genes and the proteins they encode, and risk of prostate cancer. Pooled data from seven prospective studies in the National Cancer Institute (NCI) Breast and Prostate Cancer Cohort Consortium (BPC3; ref. 18) were examined for associations between 89 single-nucleotide polymorphisms (SNP) in five PI3K pathway genes, PIK3C2B (chromosome 1), PIK3AP1 (chromosome 10), PIK3C2A (chromosome 11), PIK3CD (chromosome 1), and PIK3R3 (chromosome 1), and prostate cancer risk in 8,751 cases and 9,742 controls. We also evaluated the effects of these PI3K pathway SNPs and circulating IGF-I and IGF binding protein 3 (IGFBP-3) on prostate cancer risk in a subgroup of 6,076 men using prediagnostic sera.
Materials and Methods
Study population. The BPC3 has been described elsewhere (18) . Briefly, the consortium includes large well-established cohorts assembled in the United States and Europe that have DNA for genotyping and extensive questionnaire data from cohort members. The prostate cancer study includes seven case-control studies nested within these cohorts: the American Cancer Society (ACS) Cancer Prevention Study II, the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC), the European Prospective Investigation into Cancer and Nutrition (EPIC), the Health Professionals Follow-up Study (HPFS), the Physicians Health Study (PHS), the Hawaii-Los Angeles Multiethnic Cohort (MEC), and the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO). With the exception of MEC and PLCO, most subjects in these cohorts were Caucasian. Cases were identified in each cohort by self-report, with subsequent confirmation of the diagnosis from medical records, and/or linkage with population-based tumor registries. Controls were free of prostate cancer at selection and were matched to cases within each cohort by age, ethnicity, and other select factors, such as country of residence for EPIC. Written informed consent was obtained from all subjects, and each cohort study was approved by the appropriate institutional review boards.
IGF-I and IGFBP-3 blood levels. Data on prediagnostic blood levels of IGF-I and IGFBP-3 were available in six of the seven BPC3 cohorts (ATBC, EPIC, HPFS, MEC, PHS, and PLCO; IGF-I: n = 6,076; IGFBP-3: n = 6,059; refs. [5] [6] [7] [8] [19] [20] [21] . Samples from three studies (ATBC, HPFS, and PHS) were measured in the laboratory of the Cancer Prevention Research Unit, Departments of Medicine and Oncology, Lady Davis Research Institute of the Jewish General Hospital and McGill University, and the remaining three studies (EPIC, MEC, and PLCO) were measured in the laboratory of the Hormones and Cancer Team at IARC; all used ELISA from Diagnostic System Laboratories. Blood levels were categorized into tertiles based on the distribution among the controls. Although the blood level assays were done at different times, batch effects did not seem to confound the results, and the analyses were pooled across cohorts controlling for study.
Genotyping and SNP selection. Tag SNPs for the five PI3K candidate genes potentially related to the IGF pathway were selected using the CEU HapMap data assuming a minor allele frequency >0.02, an Illumina design score >0. 4 Data filtering and imputation. Any sample where more than 25% of the SNPs attempted on a given platform failed was removed from the data set. Data were filtered by study to remove poorly performing SNPs: All SNPs that failed on 25% or more samples were excluded from the data set, as were all SNPs that showed statistically significant (P < 10 13 was used to impute SNPs that were polymorphic in any of the HapMap reference panels using observed genotypes from the BPC3 subjects and phased haplotypes from HapMap samples (release #21; ref. 23) . Genotypes for European-ancestry subjects were imputed using the CEPH European (CEU) reference panel; those for Japanese Americans were imputed using the combined Han Chinese and Japanese panels (CHB + JPT); those for remaining subjects (African Americans, Latinos, and Native Hawaiians) were imputed using a "cosmopolitan" panel of all HapMap samples (CEU + CHB + JPT + YRI; ref. 24 ). Imputation was done stratified by study and ethnicity. Poorly imputed SNPs with an estimated correlation between the imputed and true genotypes <30% were excluded from analysis (23) . SNPs that were dropped in more than three Europeanancestry cohorts were excluded from analysis.
Statistical analysis. Odds ratios (OR) and 95% confidence intervals (95% CI) adjusted for age (5-y intervals), cohort (plus country for EPIC), and ethnicity for each SNP with minor allele frequency >1% were estimated using unconditional logistic regression. Genotypes were coded either as counts of the variant allele (trend test) or as two indicator variables, one for heterozygotes and one for variant homozygotes (2-df test). Analyses were done in all subjects, separately for each ethnicity, and separately for each ethnicity within study. Aggressive disease was defined as Gleason grade ≥8 or stage T 3 /T 4 or fatal prostate cancer. Heterogeneity between studies and interactions between the SNPs and other covariates were assessed by including the cross-product terms as well as the main effect terms in regression models, and the statistical significance of the interaction was evaluated by comparing nested models with and without the cross-product terms using a likelihood ratio test. All analyses were done using SAS statistical software (SAS Institute, Inc.).
Pairwise linkage disequilibrium measures (D′ and r 2 ) were estimated and haplotypes were constructed using the expectation-maximization algorithm (25) in HaploStats (26, 27) .
Risks for individual haplotypes were calculated among whites only in PIK3C2B, assuming a log-additive model for each haplotype adjusting for age and cohort. Haplotypes with a frequency of <1% were collapsed into a single category, and the most common haplotype was used as the reference.
To take into account the large number of tests done, the number of effective independent variables, M eff , was calculated for each gene by use of the SNP Spectral Decomposition approach (28) , and P values adjusted for multiple testing were calculated using the gene-wide M eff values.
Results
Demographic and prostate cancer-related characteristics among BPC3 prostate cancer cases and controls are presented in Table 1 . The majority of subjects were white (76.5%) and diagnosed over the age of 65 years (70.8%). Aggressive cases of prostate cancer made up about a quarter of the cases (25.3%), and 7.8% of subjects reported a family history of disease in first-degree relatives. Family history was not available for the EPIC and PHS cohorts. Eighty-nine genotyped and 251 imputed SNPs in PIK3CD, PIK3C2A, PIK3R3, PIK3AP1, and PIK3C2B were evaluated for their association with prostate cancer (Table 2 ). Among the five PI3K pathway genes, only PIK3C2B showed a cluster of SNPs related to prostate cancer risk, where at least one genotyped SNP remained associated with risk after adjustment for the number of effective tests (P = 0.024). Specifically, of the 15 genotyped and 89 imputed SNPs, 11 SNPs (1 genotyped, 10 imputed) in PIK3C2B showed an association for trend with prostate cancer at P < 0.01. Main-effect P values for trend for all SNPs (genotyped and imputed) in PI3K genes and risk of prostate cancer are presented in Supplementary  Table S1 .
SNPs related to prostate cancer were clustered upstream and in the first two introns of PIK3C2B (Table 3 ). The strongest genotyped association was for rs7556371 with an OR per allele of 1.08 (95% CI, 1.03-1.14; P trend = 0.0017), an OR het of 1.05 (95% CI, 0.94-1.18), and an OR homwt of 1.15 (95% CI, 1.03-1.29; Table 3 ). Several surrounding imputed SNPs with P < 0.001 were highly correlated (r 2 = 0.89-0.99) with rs7556371 and showed similar magnitudes of association (Table 3) . Overall, the strongest signals were for two highly correlated (pairwise r 2 = 1) imputed SNPs: rs10494852, which is an intronic SNP, and rs11240751, which is located in the promoter region of PIK3C2B.
Simultaneous adjustment of rs7556371 for the two other genotyped SNPs in the region, rs6594014 (r 2 = 0.37) and rs11240748 (r 2 = 0.10), located between 201.18 and 201.20 Mb, strengthened the prostate cancer risk association observed for rs7556371 [OR per allele , 1.21 (95% CI, 1.09-1.34); P trend = 0.0003]. The ORs and 95% CIs for rs6594014 and rs11240748 were also strengthened with all three SNPs in the same model [OR per allele , 1.11 (95% CI, 1.01-1.22; P trend = 0.0284); OR per allele , 1.14 (95% CI, 1.03-1.25; P trend = 0.0085), respectively]. Haplotype analyses indicated that several haplotypes in PIK3C2B composed of rs6594014, rs11240748, and rs7556371 were related to prostate cancer (Supplementary  Table S2 ), but to a lesser degree than the SNPs alone (P values ranged from 0.02 to 0.03), suggesting that no single genotyped variant explains all the observed risk and that additional unknown variants in the region may be related to risk.
Stratified analyses of rs7556371 and risk of prostate cancer are presented in Table 4 . Because additional adjustment for the other two genotyped SNPs in the region strengthened the main effect of rs7556371, stratified results are presented for both the simple adjusted and the additionally adjusted models. No statistically significant heterogeneity between cohorts and ethnicity was observed (P het = 0.14 and 0.37, respectively); however, some heterogeneity in magnitude of the ORs was evident among the different ethnic groups. As expected, the OR for rs7556371 among whites was similar to the overall association [ 
Discussion
In this large pooled analysis of prostate cancer cases and controls, we explored the associations between common SNPs in five PI3K pathway genes (PIK3C2B, PIK3AP1, PIK3-C2A, PIK3CD, and PIK3R3) and prostate cancer risk. Among the five genes, we observed significant associations between a cluster of variants located upstream and in the promoter region of PIK3C2B and risk of prostate cancer. The association was strongest for the genotyped SNP rs7556371, which remained statistically significant at the P < 0.05 level after correction for multiple testing. We observed no meaningful significant associations in the other four PI3K pathway genes (PIK3AP1, PIK3C2A, PIK3CD, and PIK3R3) and prostate cancer risk. The PI3K family is divided into three different classes, class I, class II, and class III, based on primary structure, regulation, and in vitro lipid substrate specificity (2) . The PIK3C2B gene codes for the class II PI3K enzyme PIK3C2β, about which, until recently, little was known. Recently, increased expression of PIK3C2β was found to enhance membrane ruffling and migration speed of cells in cancer cell lines (29) . In addition, PIK3C2β-overexpressing cells have been found to be protected from anoikis and display enhanced proliferation (29, 30) . Thus, SNPs in PIK3C2B may alter PIK3C2β expression, influencing the migration and survival of tumor cells and promoting prostate carcinogenesis.
An additional mechanism of action potentially linking PIK3C2B variants with prostate cancer is insulin signaling.
PI3Ks play a pivotal role in signal transduction pathways linking insulin with many of its cellular responses (31) . Furthermore, class II PI3Ks, including PIK3C2β, have been shown to be activated by insulin (32) . The IGF axis has been related to prostate cancer, with elevated blood levels of IGF-I associated with increased risks (33, 34) . Obesity, a chronic hyperinsulinemic state resulting in altered IGF levels, has also been associated with prostate cancer risk (35) (36) (37) (38) . In this analysis, we observe increased risks associated with PIK3C2B variants among obese men and among men in the top tertile of circulating IGF-I levels. Although these interactions were not statistically significant, men <65 years of age who also had a family history of prostate cancer had the highest mean levels of serum IGF-I and had a higher BMI than other agefamily history subgroups. The association between PIK3C2B variants and prostate cancer among men <65 years of age who also had a family history of prostate cancer was not appreciably attenuated after adjustment for IGF-I levels or BMI, suggesting an alternative mechanism; however, a mechanism related to IGF-dependent PI3K signaling cannot be ruled out. Alternatively, the observed association may be due to effects on another nearby gene. The p53 regulator MDM4 is located within 30 kb of the observed PIK3C2B variants, and SNPs located within this gene may be in linkage disequilibrium with the genotyped region. MDM4 plays a critical role in p53-dependent apoptosis and thus tumor suppression (39) . Altered expression of MDM4 and, in turn, p53 could lead to a disruption in apoptotic activity that may promote prostate carcinogenesis. The most significantly associated genotyped SNP in our study, rs7556371, is in strong linkage disequilibrium with rs4245735, which has been associated with MDM4 mRNA expression in lymphocytes (40) . Thus, the observed association with prostate cancer risk in this study may be due to altered mRNA expression of MDM4. Whereas this apoptosis regulatory region may explain the observed effect, the well-described interplay of the IGF axis with PI3K signaling and the observed stratified associations with BMI and IGF-I levels suggest that insulin signaling remains a possible mechanistic pathway. We observed that the association between PIK2C2B variants was modified by age and family history of prostate cancer, but not by aggressive disease. Risk seemed to be equally related to aggressive and nonaggressive disease despite the tendency for familial, early-onset disease to present more aggressively in other studies (41) (42) (43) . In our study, the percentage of men with aggressive disease among the familial, earlyonset cases was comparable to that of the pooled population, and among those with a family history of disease, the association for rs7556371 persisted for nonaggressive prostate cancer. This suggests that the association we observed with PIK2C2B variants among men with a family history was not due to the fact that they had aggressive disease.
Despite numerous linkage studies, few genes have been identified as being associated with familial prostate cancer risk. The exploration of prostate cancer susceptibility loci identified from population-based genome-wide scans and family history of prostate cancer has not conclusively identified any loci that explain a substantial portion of inherited risk (44) . In our study, younger men with a family history of disease who carried the variant allele at rs7556371 were 2.3 times more likely to develop prostate cancer. Genetic linkage analyses have observed significant linkage to chromosomes 1q23-25 and 1q42-43; however, 1q32, where PIK3C2B is located, has not been identified as a region of higher predisposition (45) . Given that familial prostate cancer tends to be diagnosed at a younger age than sporadic prostate cancer and that the risk associated with rs7556371 was greatest among early-onset familial cases in our study, this region may be of interest for future exploration in familial studies. It is also possible that this observed subgroup association could be a false-positive finding given the small numbers of subjects diagnosed before age 65 years with a positive family history.
Strengths of our study include a large sample of cases and controls drawn from well-defined cohorts and a comprehensive SNP tagging approach. Further, mathematical imputation of all variants known to HapMap that were not directly genotyped provided a more comprehensive characterization of the genetic variation of the candidate genes in the PI3K pathway. Despite this, the precise genetic variant driving the association in PIK3C2B may not have been completely captured in our genotyping effort or by our imputation analysis. In addition, prostate-specific antigen values were not available for use in adjusting the analysis but likely would not have affected the ORs significantly. SNPs in PIK3C2B have not been associated with risk in individual genome-wide association studies to date; however, this is possibly due to the small effect size, which most genome-wide association studies are underpowered to detect. Although it is possible that our findings are false-positive results, the large sample size, the clustering of the significant variants, and the sustained significance after adjusting for multiple testing make this possibility less likely. Future genotyping for the statistically significant imputed SNPs in this analysis, including the PIK3C2B promoter region SNP rs11240751, is warranted and may yield additional insight.
In conclusion, this large pooled study has identified a cluster of variants in the class II PI3K gene PIK3C2B and the association with prostate cancer risk, especially among men with familial, early-onset disease. The precise genetic variant driving the association, however, is not clear and further studies are needed to replicate and refine this region of interest.
